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big-conductance, Ca 2ϩ -activated K ϩ channels; patch-clamp recording; gene knockout; cerebral artery; pulmonary artery BIG-CONDUCTANCE, CA 2ϩ -ACTIVATED K ϩ (BK) channels are normally activated by an increase in intracellular calcium concentration ([Ca 2ϩ ] i ) and membrane depolarization. Activation of BK channels may produce hyperpolarizing outward currents to inhibit the activity of voltage-dependent Ca 2ϩ channels (VDCCs) and extracellular Ca 2ϩ influx, causing relaxation of cerebral artery smooth muscle cells (CASMCs) (12) . BK channels in the vasculature are composed of pore-forming ␣-and regulatory ␤ 1 -subunits. The ␣-or ␤ 1 -subunit gene knockout (KO) abolishes or inhibits hyperpolarizing spontaneous transient outward currents (STOCs) in CASMCs, increases cerebral artery tone, and elevates systemic blood pressure (6, 24, 27) . Thus BK channels serve as an important, negative regulator in the control of intracellular Ca 2ϩ homeostasis and contraction in CASMCs and systemic vascular SMCs.
Pulmonary arteries are very different in many aspects from brain and systemic arteries. Pulmonary arteries carry deoxygenated blood and have a low pressure and resistance, while brain and systemic arteries transmit oxygenated blood and possess a high pressure and resistance. Considering these differences in CASMCs and PASMCs, we hypothesized that BK channels may show the distinct functional activity in these two types of vascular SMCs. To test this hypothesis, we first sought to determine whether the activity of whole cell and single BK channels was different in CASMCs and PASMCs using the patch-clamp technique as described previously (10) . Then, we examined whether the different activity of BK channels in CASMCs and PASMCs was associated with the functional role and molecular expression of their ␣-, ␤ 1 -, or both subunits using patch-clamp recordings, Western blot analysis, and ␤ 1 -subunit KO (␤ 1 Ϫ/Ϫ ) mice (10) . We also questioned whether the divergent activity of BK channels contributed to the diversity of agonist-induced Ca 2ϩ response in CASMCs and PASMCs; as such, we performed comparative experiments to determine the effect of pharmacological inhibition on the important vascular neurotransmitter norepinephrine-induced increase in [Ca 2ϩ ] i in these two distinctive vascular SMCs. Finally, we investigated whether targeted KO of ␤ 1 -subunits had a different effect on blood pressure in systemic and pulmonary arteries.
MATERIALS AND METHODS

Single cell isolation.
Freshly isolated CASMCs and PASMCs were prepared from male C57/B6 mice at 2-4 mo of age using the two-step enzymatic method, as we described in our previous reports (10, 34) . In brief, mice were euthanized by sodium pentobarbital according to protocols approved by the Institutional Animal Care and Use Committee of Albany Medical College. Cerebral arteries with a diameter of ϳ100 m and smaller were used in this study, because these resistance (100 m) CASMCs have a high activity in BK channels (19) . It has been reported that conduit arteries contain significant numbers of BK channels, whereas resistance arteries have a few BK channels (4); thus conduit pulmonary arteries with a diameter of ϳ800 m were taken for experiments. Dissected cerebral and pulmonary arteries were incubated in low Ca 2ϩ (mM) physiological saline solution (PSS) containing 1 mg/ml papain for 20 min and then incubated in PSS containing collagenase H (1 mg/ml) and collagenase II (1 mg/ml) for 10 -15 min. Single isolated CASMCs and PASMCs from digested tissues were harvested and stored in normal PSS on ice for daily use. The composition of normal PSS solution was as follows (mM): 125 NaCl, 5 KCl, 1 MgSO 4, 10 HEPES, 1.8 CaCl2, and 10 glucose (pH 7.4).
CASMCs and PASMCs from ␤ 1 Ϫ/Ϫ and corresponding wild-type (␤1 ϩ/ϩ ) mice (on C57/B6 background) were obtained using the same procedure as described above. The ␤ 1 Ϫ/Ϫ mice were originally provided by Dr. Richard W. Aldrich at University of Texas at Austin (10) .
Membrane current recordings. Whole cell BK currents were recorded using the nystatin-perforated patch-clamp technique, with an EPC-10 patch-clamp system (Heka Electronics), as reported before (10, 34) . Patch pipettes had a resistance of 3-4 ⍀M when they were filled with intracellular solution. Junction potentials, membrane capacitance, and series resistance were compensated. Current recordings were made after an access resistance was Ͻ40 M⍀. The composition of the bath solution was the same as the normal PSS. The pipette (intracellular) solution contained the following (mM): 130 KCl, 5
MgCl2, 1 ATP-Mg, 10 HEPES, 1 CaCl2, and 3 EGTA (pH 7.2). STOCs were defined as spontaneous transient outward currents Ͼ2.5 times the single BK channel current amplitude at a given membrane voltage. The conventional (dialyzed) patch-clamp recording was also used to buffer [Ca 2ϩ ]i at a known concentration of 500 nM, as described in a previous publication (3). [Ca 2ϩ ]i was calculated using EGTA and CaCl 2 with WinMAX program (Chris Patton, Stanford University, http://www.stanford.edu/ϳcpatton/maxc.html).
Single BK channel currents were measured using the inside-out patch-clamp technique (10) . Patch pipettes were fire-polished and had 1.5-3.0 M⍀ resistance. Symmetrical pipette and bath K ϩ solutions [containing the following (in mM): 140 KCl, 1 MgSO 4, and 10 HEPES (pH 7.2)] were used. Unless stated otherwise, free Ca 2ϩ concentration in bath solution was set at 0.1 M using the WinMAX program. Cells were voltage clamped under the cell-attached singlechannel recording mode. After that, a membrane patch was excised to form the inside-out single-channel recording configuration. Singlechannel currents were recorded at a digitization rate of 5 kHz and filtered at 1 kHz. Data were analyzed using the Clampfit 9 software (Axon Instruments). Single-channel events were detected by the "tried and true" half-amplitude threshold method with optional automatic baseline and level tracking. The detected channel events were then analyzed to obtain the channel open probability (NPo), which was calculated by dividing the total open time of all channel levels by the whole recording length in each patch. To compare the voltage sensitivity of the BK channels in CASMCs and PASMCs, excised membrane patch macroscopic currents were measured to obtain currentvoltage curves as described previously (8, 15, 21, 31) . Inside-out membrane patches were applied by a series of step pulses ranging from Ϫ80 to 200 mV in a 20-mV increment for 500 ms each. For determination of conductance-voltage relationships, patch macroscopic currents were assessed by applying step pulses to depolarize inside-out membrane patches from 0 -200 mV in a 10-mV increment for 500 ms. The data were fitted using the Boltzmann equation to achieve the voltage for the half-maximal conductance (V 50).
Western blot analysis. BK channel ␣-and ␤1-subunit protein expression was examined using Western blot analysis (10) . Isolated cerebral and pulmonary arteries were homogenized in regular RIPA buffer. Protein in samples were separated by SDS-PAGE, transferred to a polyvinylidene fluoride membrane, and then probed with a primary antibody specific for mouse BK channel ␣-or ␤1-subunit (Alomone Laboratories). Blots were visualized using an enhanced chemiluminescence detection kit (Santa Cruz) and analyzed using a Multi Gauge software version 3.0 (Fujifilm Science Systems). Actin expression in the same sample was also determined with specific anti-actin antibody (Santa Cruz) and then used to normalize BK ␣-and ␤1-subunit expression levels. The specificity of antibodies was confirmed by using their specific blocking peptides.
Measurement of [Ca 2ϩ ]i. Measurement of [Ca 2ϩ ]i was conducted using a dual excitation wavelength fluorescence method, with a TILLvisION digital imaging system, as reported previously (33, 34) . Cells were loaded with 5 M fura-2-AM for 30 min. The dye was then excited at a 340-and 380-nm wavelength, respectively. The emitted fluorescence was collected at 510 nm. [Ca 2ϩ ]i was determined from the ratio of the dye fluorescence intensity after correction of background fluorescence.
Measurement of blood pressure. Mice were anesthetized by an interperitoneal injection of avertin (250 mg/kg). A 1.2-F pressure catheter (Scisense) was inserted into a carotid artery and connected to a DBP1021 direct blood pressure measurement system (Kent Scientific) to assess systemic arterial blood pressure, as described in our previous report (10) . To complement this invasive blood pressure measurement, a CODA-2 noninvasive, computerized tail-cuff system (Kent Scientific) was used to further determine systemic arterial blood pressure in conscious mice. Animals were freely allowed to enter the holder of the animal holder platform with built-in infrared warming system (30°C). The tail cuff was placed on the base of the mouse tail. Blood pressure was appraised through the volume pressure recording (10) .
Blood pressure in pulmonary arteries was determined by measuring the right ventricular pressure. After mice were anesthetized with avertin, the trachea was intubated with a 20-gauge catheter. The animals were ventilated using a model 131 small animal ventilator (NEMI Scientific). The ventilation rate was set at 140 strokes/min, and a tidal volume was 0.3 ml. Thoracotomy was performed to expose the heart. A 1.2-F pressure catheter was inserted into the right ventricle. Pressure was assessed using the DBP1021 blood pressure measurement system. Statistical analysis. Results are expressed as means Ϯ SE of n cells or animals from at least three different experiments. Statistical comparisons between two groups were analyzed using unpaired Student's t-test with a statistical significance of P Ͻ 0.05.
RESULTS
Frequency and amplitude of STOCs are higher in CASMCs than in PASMCs.
STOCs represent one of the most known functional manifestations of BK channels in CASMCs (12); thus we wondered whether the activity of STOCs was different in CASMCs and PASMCs. Interestingly, our whole cell channel recordings found that STOCs occurred in ϳ50% of CASMCs at membrane potential of Ϫ40 mV and 100% of cells at Ϫ20 mV. In contrast, STOCs were undetected in PASMCs at either Ϫ40 or Ϫ20 mV. At more positive membrane potentials (e.g., ϩ20 and ϩ40 mV), a majority of PASMCs were unable to produce STOCs. As an example shown in Fig. 1 , typical STOCs were observed in a CASMC at ϩ40 mV but not in a PASMC. However, PASMCs that did not generate STOCs could have single BK channel opening events. Similar results were observed in 7 CASMCs and 10 PASMCs. These findings suggest that BK channels show a prominent functional activity in CASMCs but not in PASMCs. It was also noted that the capacitance of both cell types under these conditions were not different, with a mean value of 6.6 Ϯ 3.1 pF in CASMCs and 6.0 Ϯ 1.0 pF in PASMCs.
BK channel blocker iberiotoxin-sensitive K ϩ currents are larger in CASMCs than in PASMCs. To further determine the potential diversity of the activity of whole cell BK channels in CASMCs and PASMCs, we compared the specific BK channel inhibitor iberiotoxin-sensitive whole cell outward K ϩ currents in these two types of cells. Cells were voltage-clamped at Ϫ50 mV (the authentic resting membrane potential) using the perforated patch-clamp technique and were depolarized to various membrane potentials ranging from Ϫ50 to 60 mV with an increment of 10 mV for 500 ms. Outward K ϩ currents were recorded before and after application of iberiotoxin (0.1 M) for 5 min. Application of iberiotoxin significantly reduced outward K ϩ currents in both CASMCs and PASMCs (Fig. 2) ; however, iberiotoxin caused a much larger reduction in the current amplitude in CASMCs than in PASMCs.
To confirm the inhibitory effect of iberiotoxin on whole cell BK channel currents, we investigated the extent by which iberiotoxin (0.1 M) could block single BK channels in CASMCs using the inside-out patch-clamp technique. In these experiments, symmetrical bath and pipette K ϩ (140 mM) were used, free bath (cytosolic) Ca 2ϩ concentration was set at 0.1 M, and single BK channel activity (open probability) was recorded at ϩ40 mV. The results indicate that application of iberiotoxin (0.1 M) blocked BK channel activity by over 95% (n ϭ 5).
The conventional patch-clamp recording method was also used to investigate whole cell BK currents in both types of vascular SMCs. When free [Ca 2ϩ ] i was set at 500 nM through the patch pipette dialysis, application of iberiotoxin (0.1 M) or another BK channel blocker tetraethylammonium (1 mM) caused a larger reduction in outward K ϩ currents in CASMCs than PASMCs. The effect of iberiotoxin is summarized in Fig.  2C . Collectively, the activity of BK channels is much more significant in the former than the latter cells.
Open probability of single BK channels is higher in CASMCs than in PASMCs. To further investigate the distinct activity of BK channels in CASMCs and PASMCs, we assessed the open probability of single BK channels in these two different vascular SMCs using the inside-out patch-clamp technique. Under symmetrical bath and pipette K ϩ (140 mM) conditions, single BK channel open probability (NPo) at 40 mV was significantly higher in inside-out patches from CASMCs than from PASMCs in the presence of 0.1 M bath Ca 2ϩ (Fig. 3A) . The mean NPo was 0.63 Ϯ 0.14 in former cells (n ϭ 12) and 0.11 Ϯ 0.03 in latter cells (n ϭ 7), respectively (P Ͻ 0.05). However, the current amplitude and channel conductance were comparable in CASMCs and PASMCs (Fig. 3B) .
Voltage and Ca 2ϩ sensitivity of single BK channels are higher in CASMCs than in PASMCs. Here we first asked whether BK channels may show the distinct voltage sensitivity in CASMCs and PASMCs. To answer this question, we compared the singlechannel open probability at 20, 40, and 60 mV in CASMCs and PASMCs. As shown in Fig. 3C , NPo was significantly augmented as membrane potential increased in CASMCs. On the other hand, only a moderate increase in NPo was found in PASMCs. More importantly, NPo at all the test potentials were greater in CASMCs than in PASMCs. These results indicate that the voltage sensitivity of BK channels is higher in CASMCs than in PASMCs.
We next assessed the Ca 2ϩ sensitivity of single BK channels in inside-out patches from CASMCs and PASMCs. Likewise, NPo at 40 mV was progressively increased in CASMCs, as intracellular (bath) Ca 2ϩ concentrations were elevated from 0.1 to 1 to 10 M (Fig. 3D ), whereas increasing intracellular Ca 2ϩ concentrations had a modest effect in PASMCs. The increased NPo at each Ca 2ϩ concentration tested was larger in CASMCs relative to PASMCs.
Conductance-voltage relationship of excised membrane patch macroscopic BK currents is shifted to the left in CASMCs relative
to PASMCs. To further compare the voltage-sensitivity of the BK channels in CASMCs and PASMCs, excised membrane patch macroscopic currents of BK channels were measured using the inside-out mode of the patch-clamp technique as described previously (8, 15, 21, 31) . In these experiments, inside-out membrane patches were applied by a series of step pulses ranging from Ϫ80 to 200 mV in a 20-mV increment for 500 ms each to obtain excised membrane patch macroscopic currents of single BK channels (Fig. 4A) . The results indicate that the current-voltage relationship of excited patch macroscopic BK currents in CASMCs was significantly leftward shifted relative to that in PASMCs (Fig. 4B ). The maximum current amplitude was not different in both types of vascular myocytes. The mean amplitude was, respectively, 137.4 Ϯ 34.7 pA in CASMCs and 134.4 Ϯ 31.6 pA in PASMCs (Fig.  4C) . We also compared the active number of single BK ϩ currents before and after application of iberiotoxin (100 nM) for 5 min in a CASMC (top) and PASMC (bottom) using the perforated patch-clamp method. Currents were generated by step pulses from a hold potential of Ϫ50 to 60 mV with a 10-mV increment for 500 ms. B: summary of iberiotoxin-sensitive currents in CASMCs and PASMCs under perforated patch-clamp conditions. Currents were normalized to cell capacitance. Number in parenthesis indicates the number of cells tested. *P Ͻ 0.05 compared with CASMCs. C: graph epitomizes classic (dialyzed) patch-clamp recordings of iberiotoxin-sensitive currents in CASMCs and PASMCs. Cells were voltage-clamped at Ϫ50 mV and dialyzed to achieve intracellular calcium concentration ([Ca 2ϩ ]i) of 500 nM. Currents before and after application of iberiotoxin (100 nM) for 5 min were generated by step pulses from Ϫ50 to 60 mV with a 10-mV increment for 500 ms. *P Ͻ 0.05 compared with CASMCs. channels in patches from CASMCs and PASMCs at ϩ80 mV as described previously (1, 2, 7, 10, 16, 18) , and found that the channel number was 2.2 Ϯ 0.11 channels per patch in CASMCs and 2.2 Ϯ 0.21 channels per patch both PASMCs (Fig. 4D) ; thus the active single-channel number is similar in both cell types.
As shown in Fig. 4E , the conductance-voltage relationship of excised patch macroscopic BK currents was also much to the left in CASMCs compare with that in PASMCs. The best fits of Boltzmann equation yielded a mean voltage at halfmaximum of currents (V 50 ) was 45.4 Ϯ 5.2 mV in CASMCs (n ϭ 8) and 79.1 Ϯ 9.1 mV in PASMCs (n ϭ 9; P Ͻ 0.05).
The BK ␣-subunits form functional channels to conduct K ϩ ions, whereas ␤ 1 -subunits confer the channel voltage and Ca 2ϩ sensitivity in vascular SMCs (6, 12, 24) . Thus the findings that the current amplitude and channel conductance are similar in CASMCs and PASMCs suggest that the ␣-subunit expression and/or activity are similar in both types of vascular SMCs, while the results that the channel voltage and Ca 2ϩ sensitivity are higher in CASMCs than in PASMCs imply that the ␤ 1 -subunit expression and/or function are higher in the former cells than in the latter cells.
BK channel ␤ 1 -subunit KO significantly reduces BK channel currents in CASMCs but not in PASMCs. To provide additional evidence for the distinct activity of BK channel ␤ 1 -subunits in CASMCs and PASMCs, the next experiments were performed to determine the effect of ␤ 1 -subunit KO on macroscopic currents of BK channels in inside-out patches from these two types of vascular myocytes. Single BK channel currents were greatly reduced in CASMCs from ␤ 1 Ϫ/Ϫ mice compared with currents recorded in cells from wild-type (␤ 1 ϩ/ϩ ) mice (Fig. 5A) . In contrast, BK currents were similar in ␤ 1 ϩ/ϩ and ␤ 1 Ϫ/Ϫ PASMCs (Fig. 5B) . Moreover, BK currents were remarkably larger in inside-out patches from CASMCs relative to PASMCs.
BK channel ␤ 1 -subunit KO decreases channel voltage and Ca 2ϩ sensitivity in CASMCs. As the BK channels current amplitudes were significantly reduced in ␤ 1 Ϫ/Ϫ CASMCs, we wondered whether the voltage sensitivity of BK channels was decreased as well. To achieve this goal, the conductance-voltage relationship of excised patch macroscopic BK currents was determined as described above. The relationship was shifted to the right in ␤ 1 Ϫ/Ϫ CASMCs (Fig. 5C ). The V 50 was 45.4 Ϯ 5.2 mV in ␤ 1 ϩ/ϩ CASMCs (n ϭ 8) and 97.8 Ϯ 18.3 mV in ␤ 1
Ϫ/Ϫ
CASMCs (n ϭ 7), respectively (P Ͻ 0.05). These results point to the evidence that the voltage sensitivity of BK channels is largely inhibited in ␤ 1 Ϫ/Ϫ CASMCs. We have also found that the NPo at 40 mV in 0.1, 1, and 10 M bath Ca 2ϩ concentrations were all decreased in ␤ 1 Ϫ/Ϫ CASMCs (Fig. 5D ). Thus ␤ 1 KO significantly decreases the sensitivity of BK channels to Ca 2ϩ and voltage in CASMCs. BK channel ␤ 1 -subunit protein expression level is higher in CASMCs than in PASMCs. In complement to functional studies with the activity of BK channel ␣-and ␤ 1 -subunits in CASMCs and PASMCs, we measured their protein expression levels using Western blot analysis. The data unveil that the ␤ 1 -subunit protein expression levels were significantly higher in cerebral arteries than in pulmonary arteries, while the ␣-subunit expression levels were comparable in both arteries (Fig. 6) . The similarities and differences in the molecular expression levels of BK channel ␣-and ␤ 1 -subunits are consistent with their functional activity in CASMCs and PASMCs. Moreover, the expression levels of the ␣-subunit proteins were similar in CASMCs and PASMCs of ␤ 1 Ϫ/Ϫ mice. These findings further support the important role of ␤ 1 -subunits in mediating the different activity of BK channels in CASMCs and PASMCs.
BK channel inhibition augments neurotransmitter-induced increase in [Ca 2ϩ ] i in CASMCs but not in PASMCs.
It is known that BK channels provide a powerful negative feedback mechanism in controlling intracellular Ca 2ϩ homeostasis in CASMCs (6, 12, 24) . Accordingly, we sought to determine the role of the divergent functional activity of BK channels in agonist-induced increase in [Ca 2ϩ ] i in CASMCs and PASMCs. Application of the important vascular neurotransmitter (␣-adrenergic receptor agonist) norepinephrine (100 M) resulted in a similar increase in [Ca 2ϩ ] i in CASMCs and PASMCs (Fig. 7) . However, after treatment with the specific BK channel blocker iberiotoxin (0.1 M) for 5 min, the norepinephrine-induced increase in [Ca 2ϩ ] i was to a great extent augmented in CASMCs. In contrast, pretreatment with iberiotoxin did not affect norepinephrine-evoked response in PASMCs. These results imply that the distinct activity of BK channels may contribute to physiological Ca 2ϩ responses in CASMCs and PASMCs.
Systemic, but not pulmonary, hypertension occurs in ␤ 1
Ϫ/Ϫ mice. Targeted KO of BK ␤ 1 -subunits causes a significant reduction in the channel activity in CASMCs and (systemic) hypertension (6, 24) . The findings in this study indicate that the molecular expression and functional activity of ␤ 1 -subunits are much lower in PASMCs than in CASMCs. As such, we asked whether systemic, but not pulmonary, hypertension may occur in ␤ 1 Ϫ/Ϫ mice. Indeed, systolic and diastolic blood pressures in systemic (carotid) arteries, measured using an invasive intraarterial pressure monitoring technique, were significantly higher in ␤ 1 Ϫ/Ϫ mice than in control (␤ 1 ϩ/ϩ ) mice (Fig. 8A) . Supportively, the increased systolic and diastolic blood pressure both were observed as well in ␤ 1 Ϫ/Ϫ mice using a noninvasive computerized tail-cuff measurement system (Fig. 8B) . On the other hand, pulmonary artery blood pressure, determined by assessing the right ventricular pressure with a direct pressure measurement system, was equivalent in ␤ 1 ϩ/ϩ and ␤ 1 Ϫ/Ϫ mice (Fig. 8C) . These results provide additional evidence that BK channel ␤ 1 -subunits show high functional activity and thus play an important role in the regulation of blood pressure in systemic vascular SMCs. In contrast, the functional activity of BK ␤ 1 -subunits is low in PASMCs; as a consequence, targeted ␤ 1 KO does not affect pulmonary vascular blood pressure.
DISCUSSION
It has been well demonstrated that BK channels are important for the maintenance of normal [Ca 2ϩ ] i in CASMCs and cerebral vascular tone; upon activation by Ca 2ϩ or membrane depolarization, these channels can generate hyperpolarizing outward membrane currents to inhibit Ca 2ϩ influx through VDCCs, providing a negative feedback machinery to retain normal [Ca 2ϩ ] i and contraction (12) . Dysfunction of these ion channels is implicated in cardiovascular diseases such as diabetes and hypertension (1, 2, 7, 10, 16, 18) . However, the functional importance of BK channels has not been established in PASMCs. In this study, we have for the first time shown that STOCs due to the opening of BK channels occur in almost all CASMCs but not in PASMCs (Fig. 1) , indicating the higher activity of BK channels in the former than the latter vascular myocytes. Consistent with this view, application of the BK channel blocker iberiotoxin causes a larger reduction in whole cell outward K ϩ currents in cerebral than in PASMCs under perforated patch-clamp conditions in which [Ca 2ϩ ] i is close to a physiological level of 100 nM (Fig. 2) . Using the classic (dialyzed) patch-clamp technique to clamp [Ca 2ϩ ] i at 500 nM, we have also observed a similar iberiotoxin-induced inhibition of outward K ϩ currents in both vascular SMCs. Moreover, we have provide electrophysiological evidence to show that elucidate that the activity of single BK channels is high in CASMCs but low in pulmonary artery myocytes (Fig. 3) . This heterogeneity may meet the distinct, physiological requirements in these two different vascular cells. Under physiological conditions, blood pressure is high in cerebral and systemic arteries. A high activity of BK channels in systemic vascular SMCs can maintain normal vascular tone and blood pressure (19) . In contrast, blood pressure is low in pulmonary arteries; thus a negative feedback mechanism provided by BK channels is gratuitous in these blood vessels. In addition, hypoxia is known to uniquely activate ryanodine receptors and inhibit K ϩ channels and open transient receptor potential channels, leading to an increase in [Ca 2ϩ ] i in PASMCs (30) . Hypothetically, the increase in [Ca 2ϩ ] i would consequently activate BK channels to limit hypoxia-induced extracellular Ca 2ϩ influx and increase in [Ca 2ϩ ] i . However, this negative feedback apparatus does not sufficiently operate in this type of cells due to the low activity of functional BK channels, thereby ensuring hypoxia to induce an adequate increase in [Ca 2ϩ ] i in PASMCs and associated pulmonary vasoconstriction, which diverts blood flow from poorly ventilated regions of the lung to wellventilated areas to warrant sufficient physiological ventilation/ perfusion matching. Interestingly, a recent report has shown that BK channels possess a much higher activity in rat cerebral than in cremaster (skeletal muscle) artery SMCs (32) . Thus the functional activity of BK channels diverges in different beds of the systemic vasculature. The physiological significance of the higher activity of BK channels in brain than in skeletal muscle vascular myocytes has been inferred to correlate with a lower vascular resistance in resting cerebral than in skeletal muscle tissues (32) . However, this mechanistic machinery is not applicable to the heterogeneity of the functional activity of BK channels in cerebral and PASMCs, as blood pressure and BK channel activity are both higher in cerebral than in pulmonary arteries.
In the current study, we have found that the mean cell capacitance in PASMCs is 6 pF, which is lower than that in previous reports. For instance, Ko et al. (14) have reported that the cell capacitance is ϳ10 pF. However, it should be noted that the cells in their experiments were obtained from BalbC mice, whereas ours were taken from C57/B6 mice. Thus the cell capacitance values may be different in these two different strains of mice. In addition, they used the classic (dialyzed) patch-clamp recording, but we utilized the perforated patchclamp technique. These two different techniques may yield the different capacitance values as well. In support of this notion, using the classic patch-clamp recording, Shimoda et al. (28) have shown that the cell capacitance of up to 14 pF. Moreover, the age of mice may also affect the cell size and thus capacitance, as it has been reported that the cell capacitance is ϳ16 pF in cells from mice at an age of 3-5 mo (17) . These mice were older than those used in our current studies. Finally, the different cell isolation procedures and other factors may also affect the cell capacitance. BK channels are formed by the ␣-and ␤ 1 -subunits in brain and systemic vascular SMCs (12) . The ␣-subunits constitute the channel pore that conducts ions and exhibit some degree of voltage and Ca 2ϩ sensitivity, whereas the ␤ 1 -subunits do not form the channel pore but greatly confer channel sensitivity to voltage and Ca
2ϩ
. Here, we provide evidence that the activity of single BK channels at various membrane potentials is higher in CASMCs than in PASMCs (Fig. 3) . Similarly, BK channel open probability at various Ca 2ϩ concentrations is higher as well in CASMCs than in PASMCs. These data indicate that the voltage and Ca 2ϩ sensitivity of BK channels are greater in former cells than in latter cells. To provide further supportive evidence for this view, we recorded excised membrane patch macroscopic currents to compare the current-voltage relationship of BK channels in CASMCs and PASMCs. The results reveal that the current-voltage relationship of BK channels is significantly shifted to the left in CASMCs relative to that in PASMCs, while the maximal currents and the number of the channels in excised patches are similar in both types of cells (Fig. 4) . Equally important, the channel conductance-voltage relationship in CASMCs is much to the left compared with that in PASMCs, with a significantly lower voltage at the halfmaximal current (V 50 ) in the former than in the latter cells.
Interestingly, excised membrane patch macroscopic BK currents at a range of membrane potentials are largely decreased in ␤ 1 Ϫ/Ϫ CASMCs but not in ␤ 1 Ϫ/Ϫ PASMCs (Fig. 5) . Moreover, the conductance-voltage relationship of BK channels is remarkably moved to the right in ␤ 1 Ϫ/Ϫ CASMCs, and the V 50 is largely increased as well. Likewise, the open probability of single BK channels at different Ca 2ϩ concentrations is decreased in ␤ 1 Ϫ/Ϫ CASMCs. These findings demonstrate that the voltage and Ca 2ϩ sensitivity of BK channels are inhibited in ␤ 1 Ϫ/Ϫ CASMCs. Taken together, the distinct activity of BK channels in these two different types of vascular SMCs is primarily determined by the channel ␤ 1 -subunits. Likewise, the differential functional activity of BK channels in cerebral and cremaster artery myocytes is also assumed to be determined by their divergent ␤ 1 -subunit functionality (32) . It is intriguing to note that the ␤ 1 -subunits are a major vascular target for diabetes and hypertension (1, 2, 7, 10, 16, 18) . Apparently, these subunits are likely to be sensitive to physiological and pathological changes in the brain and systemic vasculatures.
Using Western blot analysis, here we have found that the ␤ 1 -subunit protein expression levels are higher in cerebral than in pulmonary arteries, although the ␣-subunit protein expression levels are similar in both tissues (Fig. 6) . We have also observed that the ␣-subunit protein expression levels are not altered in ␤ 1 Ϫ/Ϫ CAs and PAs. These molecular expression patterns and levels are consistent with their functional activity, further supporting the important role of the ␤ 1 -subunit in the diversity of BK channels in brain/systemic and pulmonary artery myocytes. Yang et al. (32) have reported that the ␤ 1 -protein expression levels are higher in cerebral than in cremaster artery myocytes. These data further indicate that BK channel ␤ 1 -subunits are a key player in the heterogeneity of the functional activity of BK channels in different vascular SMCs. It should also be pointed out that the ␤ 1 -subunit protein expression levels are decreased as well, while the ␣-subunit protein expression levels are unaltered, in diabetic and hypertensive cerebral arteries (1, 2, 7, 10, 16, 18) .
As the functional activity of BK channels is high in CASMCs and low in PASMCs, it can be conjectured that elimination of molecular expression of BK channels may significantly affect agonist-induced Ca 2ϩ cellular responses in the former cells but have a small or no effect in latter cells. In agreement with this speculation, following treatment with the specific BK channel blocker iberiotoxin, application of the important vascular neurotransmitter (␣-adrenergic receptor agonist) norepinephrine causes a much larger increase in [Ca 2ϩ ] i in CASMCs but not in PASMCs (Fig. 7) . Intracellular Ca 2ϩ release and/or extracellular Ca 2ϩ influx can result in activation of BK channels, membrane hyperpolarization, inhibition of voltage-dependent Ca 2ϩ channels and associated Ca 2ϩ influx in vascular SMCs (19) . Therefore, norepinephrine-evoked intracellular Ca 2ϩ release and extracellular Ca 2ϩ influx may activate BK channels, inhibiting Ca 2ϩ signaling and attendant cellular responses. This negative feedback mechanism is waned in ␤ 1 Ϫ/Ϫ CASMCs, leading to the increased norepinephrine-mediated Ca 2ϩ responses. As ␤ 1 -subunits have a low functional activity due to their low expression levels in PASMCs, KO of these subunits may not produce a significant inhibitory effect on the norepinephrine-evoked increase in [Ca 2ϩ ] i in these vascular SMCs. It should also be noted that the norepinephrine-induced increase in [Ca 2ϩ ] i is similar in CASMCs and PASMCs before of application of iberiotoxin. This result perhaps indicates that Ca 2ϩ release, influx, and/or removal machineries following stimulation of ␣-adrenergic receptors are likely to be different in these two types of vascular myocytes. As such, they can produce a similar, net increase in [Ca 2ϩ ] i in response to norepinephrine in the presence of intact functionality of BK channels (before of application of iberiotoxin).
We have revealed that systemic artery blood pressure is greatly elevated in ␤ 1 Ϫ/Ϫ mice relative to control (␤ 1 ϩ/ϩ ) mice (Fig. 8) . In contrast, pulmonary artery blood pressure is equivalent in ␤ 1 Ϫ/Ϫ and ␤ 1 ϩ/ϩ mice. These data not only further support the concept that the ␤ 1 -subunits are an essential element for the heterogeneity of the functional activity of BK channels in systemic and PASMCs but also indicate that BK channels play an important role to ensure appropriate cellular responses in cerebral, but not in pulmonary, blood vessels. Because of the low activity of BK channels due to the ␤ 1 -subunits, we speculate that BK channels may not be involved in the development of hypoxic and other pulmonary hypertension. Indeed, a previous study has shown that hypoxia-induced pulmonary hypertension is unaltered in BK channel ␣ Ϫ/Ϫ mice (26) . Moreover, hypoxia has been reported to increase (4, 9, 20) , inhibit (5, 11, 22, 23, 29) , and have no effect (25) on the activity of BK channels in PASMCs. These inconsistent results further suggest that there is no involvement of BK channels in hypoxic pulmonary hypertension, which is in contrast to the important role of these channels in diabetic, genetic and induced systemic hypertension (1, 2, 7, 10, 16, 18) . Intriguingly, a previous report has shown that hypertension in ␤ 1 Ϫ/Ϫ mice is, at least in part, due to aldosteronism (13) . Since our data reveal that ␤ 1 Ϫ/Ϫ mice display the elevated systemic, but not pulmo- 
Systolic { Pressure (mmHg) C Fig. 8 . Targeted gene knockout of BK channel ␤1-subunits elevates blood pressure in systemic (carotid) arteries, but not in pulmonary arteries. A: bar graph shows average systolic and diastolic blood pressure in carotid arteries of control (␤1 ϩ/ϩ ) and ␤1 Ϫ/Ϫ mice. Blood pressure was measured using a direct blood pressure monitoring system. *P Ͻ 0.05, compared with ␤1 ϩ/ϩ mice. Number in parenthesis indicates the number of animals investigated. B: average systolic and diastolic blood pressure, assessed with a noninvasive, computerized tail-cuff blood pressure measurement system, in ␤1 ϩ/ϩ and ␤1 Ϫ/Ϫ mice. C: average systolic and diastolic blood pressure in pulmonary arteries of ␤1 Ϫ/Ϫ and ␤1 ϩ/ϩ mice, determined by measuring the right ventricular pressure using a direct blood pressure monitoring system. nary, arterial blood pressure, it is possible that the volume loading may significantly affect the systemic vasculature, while it has little effect on the pulmonary system.
In conclusion, the results presented in this study have, for the first time, provided novel evidence to unveil that the activity of whole cell and single BK channels is much higher in cerebral than in PASMCs. This heterogeneity is primarily determined by the differential expression and functions of ␤ 1 -subunits. Pharmacological and genetic data further verify the importance of heterogeneous functions of ␤ 1 -subunits in the regulation of cellular responses and blood pressure in cerebral and pulmonary circulation systems. Thus our findings together with previous reports connote that specific approaches targeting ␤ 1 -subunits may prove effective therapeutic strategies for hypertension and other systemic vascular diseases without effect on pulmonary circulation. Moreover, further studies are interesting and necessary to elucidate the molecular nature of the heterogeneity of ␤ 1 -expression and functions in brain and PASMCs. 
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